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(57) ABSTRACT

Quantifying a refractive index of a test medium by obtaining
spectral data representative for an optical signal being modu-
lated with an optical transfer characteristics of a photonic
sensor, the modulation being obtained by combining modu-
lation of a first electromagnetic wave component in an optical
filter element with a first periodic transfer spectrum having a
first free spectral range and modulation of a second electro-
magnetic wave component in an optical filter element with a
second periodic transfer spectrum having a second free spec-
tral range being different from the first free spectral range. A
relative is change induced in the second periodic transfer
spectrum by bringing the test medium in proximity with the
optical filter element with the second periodic transfer spec-
trum. The refractive index of the test medium is quantified by
determining a wavelength offset of an envelope signal in said
spectral data.

20 Claims, 7 Drawing Sheets

Providing photonic sensor ——190
Coupling first EM wave into filter 120
Applying first comb filter ——130
Applying second comb filter ——140
Contacting test medium to sensor  (—150
Determining spectral data —160
Quantifying refractive index of test |—170
medium

Determining a wavelength offset 180

of an envelope signal




US 9,068,950 B2

Sheet 1 of 7

N

10

FIG. 1 - PRIOR ART

1.555

1.56

1.55
wavelength (um)

1.545

FIG. 2

Jun. 30, 2015

U.S. Patent

{ UOISSIUISURL




U.S. Patent Jun. 30, 2015 Sheet 2 of 7 US 9,068,950 B2

1
0.8
@ 0.6F ]
e i 5
o4 | ;
= 02 A % ;i f\w
?.S 1.52 1.54 1.56 1.58 1.6
wavelength gum)
FIG. 3
! Providing photonic sensor %—-—-190
Coupling first EM wave into filter —120
Applying first comb filter +—130
Applying second comb filter ——140
Contacting test medium to sensor +—150
Determining spectral data ——160
Quantifying refractive index of test 170
medium
Determining a wavelength offset 180
of an envelope signal

FIG. 4



US 9,068,950 B2

Sheet 3 of 7

Jun. 30, 2015

U.S. Patent

6
1.6

1.38

)

1.56
{hm

5
6

A~
=
= S
ot
; =8 ) g .
..i 0k
s 9 30
oy -
= ke —~ (T
s =
Ly
1=
5 | o Y
5 z&iﬁkls»ﬁaxzto.»uxg.-ii g » 5
oot on o s o o ?}6”%%{@%”}&% . ism
Wy

& & Lo
ussnusuR worssiusiues

*

.85

FIG. 7



U.S. Patent Jun. 30, 2015 Sheet 4 of 7 US 9,068,950 B2

6/10/2010 |
3:16:45 PM |

0.01

0.003

transmission {(a..)

1
wavelength (jum)

FIG. 9



U.S. Patent Jun. 30, 2015 Sheet 5 of 7 US 9,068,950 B2

0.01

0.005

fransmission {a.u.)

i 1.53 1.531 1,532 1.533
wavelength (um)

FIG. 10

6 :
sensor consisting of two -
z cascaded ring resonators
Egl 2169 nm/RIU . |
&=
=
b g
=
5, .
@ single ring resonator sensor
76a/RIV
1311 . 1312 1.313
top cladding refractive index
P s v TR
&A{}MO A)\‘!" i fsrﬁiter"fsrsansor§ MZ”‘? gfsrﬁlter"fsrsensor W
4> %>

I—
QDV

FIG. 12



US 9,068,950 B2

Sheet 6 of 7

Jun. 30, 2015

U.S. Patent

Trnax(k=0)

Tmax(kmz,

-~

Teﬂvaﬁoge(}‘)

A=

-~
2
s
&
5NN
el
o
5
howh rw
£8
o
NG
S
...+0He
<
i
o
<
-
£
L
L
KRN
[
2 g
g &
. rS? rx.S
,..,U,%
£ B
£ .=
+ 2
-

FIG. 13

FIG. 14



US 9,068,950 B2

Sheet 7 of 7

Jun. 30, 2015

U.S. Patent

e

o
e
e,
R

FIG. 15



US 9,068,950 B2

1
VERNIER PHOTONIC SENSOR
DATA-ANALYSIS

FIELD OF THE INVENTION

The invention relates to the field of photonic sensors. More
specifically it relates to the field of sensors for sensing effec-
tive refractive index changes in a photonic sensor and meth-
ods for analyzing data thereof.

BACKGROUND OF THE INVENTION

Label-free photonic biosensors can be used for performing
sensitive and quantitative multiparameter measurements on
biological systems and can therefore contribute to major
advances in medical analyses, food quality control, drug
development and environmental monitoring. Additionally
they offer the prospect of being incorporated in laboratories-
on-a-chip that are capable of doing measurements at the
point-of-care at an affordable cost.

A crucial component in most of these photonic biosensors
is a transducer that can transform a refractive index change in
its environment to a measurable change in an optical signal,
e.g. an optical transmission signal. Silicon-on-insulator may
be a material system with many assets for such transducers.
First, it has a high refractive index contrast permitting very
compact sensors of which many can be incorporated on a
single chip, enabling multiplexed sensing. Second, silicon-
on-insulator photonic chips can be made with CMOS-com-
patible process steps, allowing for a strong reduction of the
chip cost for high volume fabrication. These sensor chips can
therefore be disposable, meaning that the chip is only used
once, avoiding complex cleaning of the sensor surface after
use. Typically, a spectral shift of the transmission spectrum of
the transducer is used to quantify the measured refractive
index change. This method can be extended to the parallel
read-out of multiple sensors in a sensor matrix.

For biosensors, the detection limit is an important figure of
merit. The detection limit is defined as the ratio of the smallest
detectable spectral shift and the sensitivity of the sensor. The
latter is a measure for how much the spectrum shifts for a
given change of the refractive index. There exist different
types of transducers on silicon-on-insulator that use a variety
of methods to achieve a low limit of detection. By using
resonant sensors with high quality factors that have very
narrow resonance peaks, the smallest detectable spectral shift
can be minimized. Such sensors use a resonator, e.g. a ring
resonator, which is exposed to a medium containing an ana-
lyte of interest. The sensors may have a surface which is
adapted for the targeted analyte, e.g. which may comprise
surface receptors for interacting with, e.g. temporarily or
permanently binding, the target analyte. This interaction
causes a local change in refractive index, which may influ-
ence the transmission spectrum of the resonator through the
evanescent field, e.g. causing a wavelength offset in this spec-
trum.

Ring resonator sensors are known in the art, such ring
resonators being made with mass fabrication compatible
technology and having a detection limit as low as 7.6 1077
RIU. Such sensors may have a bulk sensitivity of 163
nm/RIU; which is not exceptionally high. However they may
accomplish a smallest detectable wavelength shift as small as
0.22 pm with an optimized sensor design and a very noise
resistant optical setup and data analysis. Slot waveguides with
enhanced light-matter interaction may be applied to improve
the sensitivity of ring resonator sensors with a factor two to
four, but increased optical losses may prevented these sensors
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from achieving better detection limits than normal ring reso-
nator sensors. Integrated interferometers with large interac-
tion lengths may also have proved to be promising, with
detection limits in the order of 107° RIU.

Furthermore, sensors are known in the art which consist of
two ring resonators, arranged in cascade such that a high
sensitivity may be achievable due to the Vernier-principle.
The Vernier-scale is a method to enhance the accuracy of
measurement instruments. It consists of two scales with dif-
ferent periods, of which one slides along the other one. The
overlap between measurement marks on the two scales is
used to perform the measurement. This scale is commonly
used in callipers and barometers, and it has also found previ-
ous application in photonic devices, e.g. in the design of
integrated lasers and tunable filters.

In D. Dai, “Highly sensitive digital optical sensor based on
cascaded high-Q ring-resonators”, Optics Express 2009 17
(26), such a Vernier-based sensor is disclosed. Referring to
FIG. 1, such a Vernier-based sensor 1 may be implemented in
Silicon-On-Insulator, for example comprising components
patterned in silicon on an insulator layer 2 such as a silica
layer. This sensor 1 comprises two ring resonators 3,4 with
different optical roundtrip lengths, which are cascaded such
that the drop signal of the first ring resonator is 3 coupled via
a interconnecting waveguide 5 to the input of the second ring
resonator 4, as illustrated in FIG. 1. The entire chip may be
covered with a thick cladding 6, except for a region 7 in close
proximity to one of the resonators, further referred to as the
sensor ring resonator 4, where an opening is provided in the
cladding so as to enable contacting the sensor ring resonator
4 to a test medium, for example this region 7 may be shaped
such as to form a sample reservoir. This sensor ring resonator
4 will act as the sliding part of the Vernier-scale, as its eva-
nescent field can interact with the refractive index in the
environment of the sensor, where a change will cause a wave-
length shift of the resonance spectrum. The other resonator,
further referred to as the filter ring resonator 3, is shielded
from these refractive index changes by the cladding and will
act as the fixed part of the Vernier-scale. The cascade of both
resonators can be designed such that a small shift of the
resonance wavelengths of the sensor ring resonator will result
in a much larger shift of the transmission spectrum of the
cascade. Radiation may be coupled into the resonator cascade
via an input waveguide 8, and collected from an output
waveguide 9.

Each individual ring resonator has a comb-like transmis-
sion spectrum with peaks at its resonance wavelengths. The
spectral distance between these peaks, the free spectral range,
is inversely proportional to the optical roundtrip of the reso-
nator. Therefore, each resonator in the cascade will have a
different free spectral range, as illustrated by the transmission
spectra of the filter ring resonator (dashed line) and of the
sensor ring resonator (full line) shown in FIG. 2. As the
transmission spectrum of the cascade of the two ring resona-
tors, illustrated in FIG. 3, is the product of the transmission
spectra of the individual resonators, it will only exhibit peaks
at wavelengths for which two resonance peaks of the respec-
tive ring resonators at least partially overlap, and the height of
each of these peaks will be determined by the amount of
overlap. Thus, the cascade will have a spectral response with
major peaks locating at the common resonant wavelengths of
the cascaded rings.

However, this known sensor operates as a digital, i.c. a
discrete, sensor, which limits the smallest detectable shift and
the detection limit of the sensor. In such a discrete operating
regime, the free spectral range difference between the two
resonators in the cascade is large compared to the full-width
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at half-maximum of the resonance peaks of the individual
resonators. The transmission spectrum of the cascade will
then typically exhibit isolated peaks, of which the neighbour-
ing peaks are inhibited. In such a discrete sensor, the trans-
mission peak will hop from one filter ring resonance wave-
length to another for a changing refractive index. The smallest
detectable shift of the transmission spectrum of this sensor is
therefore equal to the free spectral range of the filter ring
resonator, which forms a limitation to the detection limit of
the sensor.

SUMMARY OF THE INVENTION

It is an object of embodiments of the present invention to
provide good and sensitive detection of refractive index
changes in a medium.

It is an advantage of embodiments according to the present
invention that a low detection limit of refractive index
changes may be achieved.

It is an advantage of embodiments according to the present
invention that bio-analytes may be characterized by analyz-
ing changes of refractive index in a medium.

It is an advantage of embodiments according to the present
invention that continuous sensing may be achieved, as
opposed to discrete, e.g. digital, sensing.

It is an advantage of embodiments according to the present
invention that the smallest detectable wavelength shift may be
substantially lower than achievable by known discrete sens-
ing techniques.

It is an advantage of embodiments according to the present
invention that a large sensitivity may be achieved. It is a
further advantage that embodiments of the present invention
may be well suited for integration with on-chip dispersive
elements such as arrayed waveguide gratings or planar con-
cave gratings.

It is an advantage of embodiments according to the present
invention that a cheap and portable sensor read-out may be
provided.

The above objective is accomplished by a method and
device according to the present invention.

The present invention relates to a method for quantifying
an effective refractive index change in a photonic sensor
and/or a method for quantifying an optical roundtrip length
change of a photonic sensor, the method comprising the steps
of
obtaining spectral data representative for an optical signal
being modulated with an optical transfer characteristics of the
photonic sensor, the modulation being obtained by combin-
ing modulation of a first electromagnetic wave component in
an optical filter element with a first periodic transfer spectrum
having a first free spectral range and modulation of a second
electromagnetic wave component in an optical filter element
with a second periodic transfer spectrum having a second free
spectral range being different from the first free spectral
range, wherein a relative change is induced in the second
periodic transfer spectrum with respect to the first periodic
transfer spectrum as a result of changing environmental con-
ditions or conformational changes of the photonic sensor, and
quantifying the effective refractive index change of the pho-
tonic sensor taking into account said spectral data,
characterized in that said quantifying comprises determining
a wavelength offset of an envelope signal applied to the spec-
tral data, the envelope signal having a wavelength periodicity
substantially larger than a periodicity of the first periodic
transfer spectrum and the second periodic transfer spectrum.
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The optical filter element may be a resonator or interfer-
ometer. The electromagnetic wave component may be a
mode, a degenerated mode, a combination of modes, etc.
The first periodic transfer spectrum and/or said second
periodic transfer spectrum may be a comb filter.
Determining a wavelength offset of an envelope signal may
comprise determining a plurality of wavelength locations
corresponding to a plurality of peaks and/or valleys in said
spectral data.
Determining a plurality of wavelength locations corre-
sponding to a plurality of peaks and/or valleys may comprise
identifying a plurality of intermittent peaks and/or valleys in
said spectral data, and, for each pair of successive peaks
and/orvalleys, fitting a first function having a first wavelength
location parameter to the spectral data obtained for wave-
lengths in the range defined by said pair of successive peaks
and/or valleys, in order to obtain a plurality of first wave-
length location parameter values and amplitude values.
The plurality of peaks may be selected such that the spec-
tral data value corresponding to the peak wavelength exceeds
a predetermined threshold value.
The first function may comprise a product of Lorentzian
functions.
Determining a wavelength offset of an envelope signal
further may comprise fitting a second function having a sec-
ond wavelength location parameter to said plurality of first
wavelength locations parameter values and amplitude values.
The second function may comprise a square of a Lorentz-
ian function.
Fitting a second function may comprise a non-linear
regression technique.
The fitting function may be or may comprise a product of
Lorentzian functions.
The second electromagnetic wave component may be the
modulated first electromagnetic wave component.
Obtaining the spectral data may comprise
coupling a first electromagnetic wave into at least one optical
filter element implemented on a photonic sensor,
applying a modulation with a first periodic transfer spectrum
to said first electromagnetic wave component using said at
least one optical filter element,

applying a modulation with a second periodic transfer spec-
trum to said second electromagnetic wave component
using at least one optical filter element, the first and second
periodic transfer spectrum having a different free spectral
range,

contacting the photonic sensor to a test medium such that the
refractive index of the test medium influences a relative
wavelength shift in the first periodic transfer spectrum with
respect to the second periodic transfer spectrum.

Obtaining spectral data, the method further may comprise
providing a photonic sensor, the photonic sensor comprising:
an input waveguide structure for receiving a first electromag-
netic wave, at least one optical filter element coupled to said
input waveguide structure and configured for causing optical
interference so as to apply said first modulating with said first
periodic transfer spectrum and said second modulating with
said second periodic transfer spectrum, and an output
waveguide structure for coupling a combination of said first
electromagnetic wave, modulated by the first periodic trans-
fer spectrum, and said second electromagnetic wave, modu-
lated by the second periodic transfer spectrum, out of the
photonic sensor.

The difference between the first free spectral range and the
second free spectral range may be smaller than or equal to a
smallest full width at half maximum of the peaks in the first or
second periodic transfer spectrum.
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The photonic sensor may be adapted for, when contacting
said photonic sensor to said test medium, enabling the refrac-
tive index of said test medium to influence an evanescent
wave in said at least one optical filter element so as to generate
a relative wavelength shift in the first periodic transfer spec-
trum with respect to the second periodic transfer spectrum.

The photonic sensor may comprise a first optical filter
element being optically coupled in sequence to a second
optical filter element, the first and second optical filter ele-
ment being arranged such that the refractive index of said test
medium influences a wavelength shift of the transmission
spectrum of at least one of the first and second optical filter
element, and the first optical filter element and second optical
filter element have free spectral ranges differing such that a
Vernier configuration is achieved.

The photonic sensor may comprise a waveguide arranged
such that the evanescent field of electromagnetic radiation
when propagating through this waveguide, or at least a part
thereof, passes through a receptacle of the test medium, such
that refractive index changes in the test medium influence the
evanescent field and thus the propagation of electromagnetic
radiation through the waveguide.

Combining may comprise applying a multiplication.

Obtaining spectral data may comprise obtaining data for a
plurality of measurements of intensity, transmittance and/or
absorbance.

The present invention also relates to a computer program
product for, when executing on a processing unit, quantifying
the refractive index of a test medium which is brought into
contact with a photonic sensor, using a method as described
above.

The present invention furthermore relates to a data carrier
substrate comprising a computer program product as
described above as well as to transmission of such a computer
program product over a local area network or wide area net-
work.

The present invention also relates to a processor for quan-
tifying a refractive index of a test medium, the processor
being programmed for determining a wavelength offset of an
envelope signal in spectral data, the envelope signal having a
wavelength periodicity substantially larger than a periodicity
of'the first periodic transfer spectrum and the second periodic
transfer spectrum,
wherein said spectral data are representative for an optical
signal being modulated with an optical transfer characteris-
tics of a photonic sensor, the modulation being obtained by
combining modulation of a first electromagnetic wave com-
ponent in an optical filter element with a first periodic transfer
spectrum having a first free spectral range and modulation of
a second electromagnetic wave component in an optical filter
element with a second periodic transfer spectrum having a
second free spectral range being different from the first free
spectral range, wherein a relative change is induced in the
second periodic transfer spectrum by bringing the test
medium in proximity with the optical filter element with the
second periodic transfer spectrum.

The present invention also relates to a system for quanti-
fying a refractive index of a test medium, the system com-
prising a processor as described above, the system further-
more comprising
a sensor comprising an input waveguide structure for receiv-
ing a first electromagnetic wave, at least one optical filter
element coupled to said input waveguide structure and con-
figured for causing optical interference so as to apply said first
modulating with said first periodic transfer spectrum and said
second modulating with said second periodic transfer spec-
trum, and an output waveguide structure for coupling a com-
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bination of said first electromagnetic wave, modulated by the
first periodic transfer spectrum, and said second electromag-
netic wave, modulated by the second periodic transfer spec-
trum, out of the photonic sensor, a light source for coupling a
first electromagnetic wave into said at least one optical filter
element and a detector for determining the spectral data.

Particular and preferred aspects of the invention are set out
in the accompanying independent and dependent claims. Fea-
tures from the dependent claims may be combined with fea-
tures of the independent claims and with features of other
dependent claims as appropriate and not merely as explicitly
set out in the claims.

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiment(s)
described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art photonic sensor comprising
two cascaded ring resonators.

FIG. 2 shows exemplary transmission spectra for the two
ring resonators, in isolation, of the sensor shown in FIG. 1.

FIG. 3 shows a transmission spectrum corresponding to the
two ring resonators, in cascade, of the sensor shown in FIG. 1.

FIG. 4 shows an exemplary method for determining a
refractive index of a test medium according to an embodiment
of' the first aspect of the present invention.

FIG. 5 shows exemplary transmission spectra for two ring
resonators, in isolation, of a sensor suitable for use in a
method according to an embodiment of the present invention.

FIG. 6 shows a transmission spectrum corresponding to the
two ring resonators, with spectra shown in FI1G. 5, in cascade,
as used in a method according to an embodiment of the
present invention.

FIG. 7 shows an optical microscopy image of an exemplary
sensor fabricated in silicon-on-insulator, as can be used in a
method according to an embodiment of the present invention.

FIG. 8 shows a scanning electron microscopy image of one
of the resonators shown in FIG. 7, as can be used in an
embodiment of the present invention.

FIG. 9 shows a graph of a measured transmission spectrum
of'the exemplary device shown in FIG. 7 as de-ionized water
is flowing over the sensor ring resonator, as can be used in an
embodiment of the present invention.

FIG. 10 is an illustration of an exemplary fitting procedure,
according to an embodiment of the present invention.

FIG. 11 shows shift of the transmission spectrum of the
sensor as a function of the bulk refractive index in its top
cladding, as can be used in an embodiment according to the
present invention.

FIG. 12 illustrates individual transmission spectra of two
resonators, illustrating features and advantages of embodi-
ments of the present invention.

FIG. 13 illustrates a transmission spectrum of a cascade of
the two resonators referred to in FIG. 12, illustrating features
and advantages of embodiments of the present invention.

FIG. 14 shows transmission spectra of the individual filter
ring resonator and sensor ring resonator for the case where
two resonances of the respective resonators coincide at A, and
the free spectral range of the filter resonator is larger than the
free spectral range of the sensor resonator, illustrating fea-
tures and advantages of embodiments of the present inven-
tion.

FIG. 15 shows transmission spectra of the individual filter
ring resonator and sensor ring resonator for the case where
two resonances of the respective resonators coincide at A, and
the free spectral range of the filter resonator is smaller than the
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free spectral range of the sensor resonator, illustrating fea-
tures and advantages of embodiments of the present inven-
tion.

The drawings are only schematic and are non-limiting. In
the drawings, the size of some of the elements may be exag-
gerated and not drawn on scale for illustrative purposes.

Any reference signs in the claims shall not be construed as
limiting the scope.

In the different drawings, the same reference signs refer to
the same or analogous elements.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The present invention will be described with respect to
particular embodiments and with reference to certain draw-
ings but the invention is not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the ele-
ments may be exaggerated and not drawn on scale for illus-
trative purposes. The dimensions and the relative dimensions
do not correspond to actual reductions to practice of the
invention.

Furthermore, the terms first, second and the like in the
description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing a
sequence, either temporally, spatially, in ranking or in any
other manner. It is to be understood that the terms so used are
interchangeable under appropriate circumstances and that the
embodiments of the invention described herein are capable of
operation in other sequences than described or illustrated
herein.

Moreover, the terms top, under and the like in the descrip-
tion and the claims are used for descriptive purposes and not
necessarily for describing relative positions. It is to be under-
stood that the terms so used are interchangeable under appro-
priate circumstances and that the embodiments of the inven-
tion described herein are capable of operation in other
orientations than described or illustrated herein.

It is to be noticed that the term “comprising”, used in the
claims, should not be interpreted as being restricted to the
means listed thereafter; it does not exclude other elements or
steps. It is thus to be interpreted as specifying the presence of
the stated features, integers, steps or components as referred
to, but does not preclude the presence or addition of one or
more other features, integers, steps or components, or groups
thereof. Thus, the scope of the expression “a device compris-
ing means A and B” should not be limited to devices consist-
ing only of components A and B. It means that with respect to
the present invention, the only relevant components of the
device are A and B.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with the
embodiment is included in at least one embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment, but may. Furthermore, the particular
features, structures or characteristics may be combined in any
suitable manner, as would be apparent to one of ordinary skill
in the art from this disclosure, in one or more embodiments.

Similarly it should be appreciated that in the description of
exemplary embodiments of the invention, various features of
the invention are sometimes grouped together in a single
embodiment, figure, or description thereof for the purpose of
streamlining the disclosure and aiding in the understanding of
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one or more of the various inventive aspects. This method of
disclosure, however, is not to be interpreted as reflecting an
intention that the claimed invention requires more features
than are expressly recited in each claim. Rather, as the fol-
lowing claims reflect, inventive aspects lie in less than all
features of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodiment of
this invention.

Furthermore, while some embodiments described herein
include some but not other features included in other embodi-
ments, combinations of features of different embodiments are
meant to be within the scope of the invention, and form
different embodiments, as would be understood by those in
the art. For example, in the following claims, any of the
claimed embodiments can be used in any combination.

In the description provided herein, numerous specific
details are set forth. However, it is understood that embodi-
ments of the invention may be practiced without these spe-
cific details. In other instances, well-known methods, struc-
tures and techniques have not been shown in detail in order
not to obscure an understanding of this description.

Where in embodiments of the present invention reference
is made to radiation, reference is made to electromagnetic
radiation. The radiation envisaged is in principle not limited
and may be any useful wavelength or wavelength range for
detection or sensing applications envisaged. Some examples
of radiation ranges that are envisaged, embodiments of the
present invention not being limited thereto, are visual radia-
tion, infrared radiation, near infrared radiation and mid infra-
red radiation.

Where in embodiments of the present invention reference
is made to a photonics integrated circuit, reference is made to
a variety of forms and material systems such as for example
low-index contrast waveguide platforms, e.g. polymer
waveguides,  glass/silica  waveguides,  AlxGal-xAs
waveguides, InxGal-xAsyPl-y waveguides or SiN
waveguides, high-index contrast waveguide platforms, e.g.
Silicon-on-Insulator or semiconductor membranes, or plas-
monic waveguides, or waveguides based on silicon, germa-
nium, silicon germanium, silicon nitride, silicon carbide, etc.
Silicon-on-Insulator, is a very interesting material system for
highly integrated photonic circuits. The high refractive index
contrast allows photonic waveguides and waveguide compo-
nents with submicron dimensions to guide, bend and control
light on a very small scale so that various functions can be
integrated on a chip. Such waveguides allow a high level of
miniaturization, which is advantageous. Furthermore for
such waveguide types radiation can be efficiently coupled in
and out the photonics integrated circuit. Using Silicon-on-
insulator also has some technological advantages. Due to the
CMOS industry, silicon technology has reached a level of
maturity that outperforms any other planar chip manufactur-
ing technique by several orders of magnitude in terms of
performance, reproducibility and throughput. Nano-photonic
ICs can be fabricated with wafer scale-processes, which
means that a wafer can contain a large number of photonic
integrated circuits.

When in embodiments of the present invention reference is
made to a photonics integrated circuit, reference is made to an
optical circuit comprising at least one integrated optical com-
ponent being an optical filter element, such as for example a
resonator being a ring resonator or disk resonator or photonic
crystal resonator or a Mach-Zehnder interferometer. Further
components also may be integrated such as an integrated
optical cavity, a further integrated optical resonator, an inte-
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grated optical interferometer, an integrated optical coupler, a
waveguide, a taper, a tunable filter, a phase-shifter, a grating,
a modulator, a detector, a light source or a combination
thereof.

Where in embodiments of the present invention reference
is made to the detection limit of a refractive index sensor,
reference is made to the smallest change of the refractive
index that can be detected, i.e. defined as the ratio between the
smallest detectable spectral shift of the transmission spec-
trum of the sensor, as such referred to spectral resolution, and
the sensitivity of the sensor. The sensitivity is indicative of the
amount of shift in the transmission spectrum in the sensor for
a given amount of targets to be sensed.

Where in embodiments of the present invention reference
is made to the free spectral range, reference is made to a
parameter corresponding with the period of the periodic
transmission spectrum.

Where in the present invention reference is made to a
changing environmental condition, reference is made to a
change in temperature, a change in pH of a medium in contact
with the sensor, a change due to a-specific binding, a change
to specific binding, a change due to targets passing a sensor
interface, etc.

Where in the present invention reference is made to con-
formal changes of the photonic sensor, the latter may refer for
example to a change ofthe sensor due to stress or strain on the
sensor, such as for example structural changes due to stress,
etc.

Whereas embodiments of the present invention have been
and will be further discussed mainly with reference to reso-
nators, it should be understood that this equally applies to
other type of filter elements, such as interferometers.

In a first aspect, the present invention relates to a method
for quantitying an effective refractive index change in a pho-
tonic sensor. The method also may be referred to a method for
quantifying an optical roundtrip length change of a photonic
sensor. In some embodiments, the present invention particu-
larly relate to methods for quantifying a refractive index
change in a test medium or a refractive index change at or in
a photonic sensor due to the binding of biological, chemical,
biomimic or biochemical targets to an interface surface of the
photonic sensor. The method according to embodiments of
the present invention is especially suitable for being per-
formed using a Vernier sensor, e.g. a Vernier integrated pho-
tonics sensor. The method typically comprises obtaining
spectral data representative for an optical signal being modu-
lated with an optical transfer characteristic of the photonics
sensor used and for quantifying the effective refractive index
change of the photonic sensor based on or taking into account
the obtained spectral data. The modulated spectral data are
such that the modulation is obtained by combining modula-
tion of a first electromagnetic wave component in a resonator
with a first periodic transfer spectrum having a first free
spectral range and modulation of a second electromagnetic
wave component in a resonator with a second periodic trans-
fer spectrum having a second free spectral range being dif-
ferent from the first free spectral range. Furthermore the data
is such that a relative change is induced in the second periodic
transfer spectrum with respect to the first periodic transfer
spectrum. The latter can be as a result of changing environ-
mental conditions or conformational changes of the photonic
sensor, e.g. by altering temperature, by bringing a medium in
proximity with the resonator with the second periodic transfer
spectrum, by applying a stress, . . . . Quantifying thereby
comprises determining a wavelength offset of an envelope
signal applied to or fitted to the spectral data, the envelope
signal having a wavelength periodicity substantially larger
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than a periodicity of the first periodic transfer spectrum and
the second periodic transfer spectrum. Further features and
advantages will be discussed below, for ease of illustration
with reference to an exemplary method 100 shown in FIG. 4.
This method 100 comprises obtaining spectral data 160,
which may be performed either by receiving the data as
previously stored data via a data input, or it may be data
stemming directly from a measurement. The spectral data
may correspond with measurements of an optical transfer
characteristic of the photonic sensor as function of wave-
length, for example measurements which comprise a plurality
of measurements of intensity, transmittance and/or absor-
bance. For example, in this plurality of measurements, each
measurement may correspond with a wavelength or wave-
length range of electromagnetic radiation propagating
through the photonic sensor for which the measurement is
obtained. Each measurement may then be a property of this
electromagnetic radiation in such wavelength range or at such
a wavelength, for example a measurement of intensity, trans-
mittance or absorption.

In one embodiment, obtaining spectral data therefore also
comprises coupling 110 a first electromagnetic wave into at
least one resonator, e.g. integrated filter element, imple-
mented on a photonic sensor and applying 130 a modulation
with a first periodic transfer spectrum having a first free
spectral range to the first electromagnetic wave using at least
one resonator. The first periodic transfer spectrum modula-
tion may be a first optical comb filtering operation applied to
the first electromagnetic wave using said at least one inte-
grated filter element. Obtaining spectral data then also
encompasses applying 140 a second periodic transfer spec-
trum modulation to the second electromagnetic wave compo-
nent using a resonator. The second periodic transfer spectrum
modulation has a second free spectral range being different
from the first free spectral range. The second periodic transfer
spectrum modulation may be an optical comb filtering opera-
tion, applied to the second electromagnetic wave using a
resonator. This different free spectral range may be chosen
such that a measurement regime is enabled which is distinct
from the measurement regime disclosed in the prior art pub-
lications discussed in the background section hereinabove.
The difference in these free spectral ranges advantageously
may be selected to be small. The difference in the free spectral
ranges may be smaller than the largest full width at half
maximum of the peaks in the periodic transfer spectra, i.c. the
largest full width at half maximum (of the peaks) in the first
periodic transfer spectrum and the second periodic transfer
spectrum. Selecting the difference in free spectral ranges
small the latter results in a more distinct shift of the envelope
function that will occur.

The second electromagnetic wave may correspond with the
first electromagnetic wave being modulated with the first
periodic transfer spectrum. It thus may be a wave coupled out
of the first resonator and subsequently send to the second
resonator.

In the event, obtaining the spectral data comprises obtain-
ing through measurement, the method 100 may comprise the
step of providing 190 the photonic sensor. For example, this
photonic sensor may be similar in design to the prior art
sensor shown in FIG. 1, e.g. may comprise a transducer based
onthe Vernier principle, but may use ring resonators with very
large roundtrip lengths in order to enable another regime in
order to improve the detection limit. In this regime, the detec-
tion limit of e.g. silicon-on-insulator label-free biosensors
may be enhanced while maintaining a very simple circuit
design, compatible with mass fabrication technology, and
being suitable for a high degree of multiplexing. While a
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straightforward approach is using ring resonators as sensor
element, however, the invention is not intended to be limited
thereto, and a method according to the first aspect of the
present invention may works with other filtering elements,
such as FP-resonators or other optical resonators, as well. The
photonic sensor may comprise an input waveguide structure 7
for receiving the first electromagnetic wave. The photonic
sensor may further comprise at least one integrated filter
element 3,4 coupled to the input waveguide structure 7 and
configured for causing optical interference so as to apply the
first optical comb filtering operation and the second optical
comb filtering operation. The photonic sensor may comprise
an output waveguide structure 8 for coupling a superposition
of the first electromagnetic wave, having the first optical
comb filtering operation applied thereto, and the second elec-
tromagnetic wave, having the second optical comb filtering
operation applied thereto, out of the photonic sensor. For
example, when the at least one integrated filter element com-
prises two filter elements 3,4 interconnected in a cascade
configuration, the first electromagnetic wave may consecu-
tively be coupled into the first filter element 3, have a first
optical filtering operation applied thereto, be coupled into the
second filter element 4 by a interconnecting waveguide 5,
have a second optical filtering operation applied thereto, and
finally be coupled out of the photonic sensor by the output
waveguide structure 8. Therefore, in this exemplary serial
configuration, a multiplicative superposition of the first elec-
tromagnetic wave and the second electromagnetic wave may
be coupled out of the photonic sensor.

When obtaining the spectral data by measurement, the
method 100 further may comprise the step of contacting 150
the photonic sensor to a test medium such that the refractive
index of the test medium influences a relative wavelength
shift between the spectral response to the first periodic trans-
fer spectrum and the spectral response to the second periodic
transfer spectrum. For example, the photonic sensor may be
adapted for, when contacting 15 the photonic sensor to the test
medium, enabling the refractive index of the test medium to
influence an evanescent wave in the at least one filter element
3.4 s0 as to generate a relative wavelength shift between the
spectral response to the first periodic transfer spectrum, e.g.
the first optical comb filtering operation, and the spectral
response to the second periodic transfer spectrum, e.g. the
second optical comb filtering operation. Therefore, the pho-
tonic sensor may be sensitive to refractive index changes in
the test medium, e.g. such changes as induced by analytes of
interest, e.g. biological, chemical or bio-chemical agents
which may be bound to a surface of the photonic sensor by
purposefully designed receptor molecules. The photonic sen-
sor may comprise a waveguide arranged such that the evanes-
cent field of electromagnetic radiation propagating through
this waveguide, or at least a part thereof, may pass through a
receptacle of this test medium, e.g. such that refractive index
changes in the medium influence the evanescent field and
consequently the propagation of electromagnetic radiation
through the waveguide. Alternatively or in addition thereto,
the change in effective refractive index also may be per-
formed by changing environmental conditions, or changing
conformational conditions for the photonic sensor, such as
inducing stress or strain.

In one particular embodiment, the photonic sensor may
comprise a first resonator being optically coupled in sequence
to a second resonator, in which the first and second resonator
may be arranged such that the refractive index of the medium
influences a wavelength shift of the transmission spectrum of
at least one of the first and second resonator, and the first
resonator and second resonator have free spectral ranges dif-
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fering such that a Vernier configuration is achieved. The pho-
tonic sensor may comprise a waveguide arranged such that
the evanescent field of electromagnetic radiation propagating
through this waveguide, or at least a part thereof, may pass
through a receptacle for the test medium, such that refractive
index changes in the medium influence the evanescent field
and thus the propagation of electromagnetic radiation
through the waveguide. The resonant wavelengths of the at
least one integrated filter element, i.e. of the first and second
optical comb filtering operation, may for example be pre-
cisely controlled by tuning or trimming, or applying high
resolution technology in the production process of such pho-
tonic sensors.

The method 100 also comprises the step of quantifying 170
the refractive index of the test medium taking into account
said spectral data. This quantifying 170 comprises determin-
ing 180 a wavelength offset of an envelope signal in said
spectral data. This envelope signal has a wavelength period-
icity substantially larger than the spectral response periodic-
ity of the first and the second periodic transfer spectrum. In
methods according to the present invention, an analytical
formula for this envelope signal may be used, which can be
fitted to experimental data, making it possible to continuously
track the spectrum of the sensor, thus allowing a sensitive
detection limit. In order to work in this regime, the optical
resonators used for determining the spectral data typically
need to have a large optical roundtrip in order to have a small
free spectral range.

Determining 180 a wavelength offset may comprise deter-
mining a plurality of wavelength locations corresponding to a
plurality of peaks in the spectral data. For example, a plurality
of intermittent peaks and/or valleys in the determined 180
spectral data may be identified. This may comprise any suit-
able technique for identifying such peaks and/or valleys, for
example computing a gradient, e.g. a discrete approximation
of the wavelength derivative. This may also comprise any
suitable numeric filtering technique to avoid detecting peaks
which are due to noise in the spectral data, for example
applying convolution with a smoothing kernel, a Fourier
transform and multiplication by a transfer function in the
Fourier domain, a wavelet transform and scaling of wavelet
coefficients, and/or a hierarchical signal segmentation tech-
niques. The method may comprise selection of such detected
peaks based on a predetermined threshold value, e.g. inclu-
sion of such peaks when the spectral data value corresponding
to the peak wavelength exceeds this predetermined threshold
value and exclusion of peaks which fall below this value. This
may offer the benefit of an improved robustness to noise, i.e.
when considering the envelope signal present in the spectral
data, only the central range having good noise to signal prop-
erties may be selected.

The determining 180 may further comprise, for each pair of
successive valleys, fitting a first function having a first wave-
length location parameter to the spectral data obtained for
wavelengths in the range defined by this pair of successive
valleys. For example, this first function may be a product of
Lorentzian functions, e.g.

1 1

T(Q) = bax W 5 >
w2+4(/1—/1 —ﬁ) w2+4(/1—/\0+A—/1)
0T 2
in which t,,,, is an amplitude parameter, w is a full-width at

half-maximum, AX is a wavelength separation distance and A,
is said first wavelength location parameter. If the first and
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second periodic transfer spectrum are implemented in the at
least one integrated filter element by a cascade of two ring
resonators, both having resonance peaks of substantially
equal full-width at half-maximum w, then the amplitude
parameter t,  may be the product of the transmissions at
resonance for both ring resonators. In such case, a pair of at
least partially overlapping resonance peaks of respectively
the first and second ring resonator may be separated by AA.
Fitting this exemplary function to an observed peak, e.g. such
a peak as would be observed from multiplicative superposi-
tion of a pair of at least partially overlapping resonance peaks
of the ring resonators, may yield parameter values for the
wavelength location parameter A, wavelength separation
distance A, amplitude parameter t,, . and full-width at half
maximum w. Alternatively, a predetermined value for the
full-width at half-maximum w may be used instead of a fitted
value. The fitting procedure may involve any suitable method
for functional fitting, for example, a non-linear ordinary or
total least squares method may be used, a least absolute
deviation method, or any numerical optimization technique
for minimizing a distance metric. In such way, a plurality of
first wavelength location parameter values {A,},_,  , may
be obtained, and with each first wavelength location param-
eter value A, , an amplitude value may be associated by evalu-
ating the first function for the fitted parameters and at a
wavelength A equal to the wavelength location parameter
value A: e.g.

2 2
Tonax = T(A0) = Typax * "
max 0) = x| A |

The determining 180 a wavelength offset of an envelope
signal may also comprise fitting a second function having a
second wavelength location parameter to this plurality of
wavelength locations and associated values of the fitted first
functions at this plurality of wavelength locations. For
example, the set of wavelength location parameters and cor-
responding peak amplitudes {(Ao ;T ar)}izr, .. . . Obtained
for a set of n peaks as described above, may be used to fit a
second function, for example a square of a Lorentzian func-
tion, e.g.

w2 ?

Tonmetope @) = tpae| = | .
eV (W2+4(A—Am,m,>2

in which W is a full-width half-maximum parameter of the
envelope signal, and A_,,,,,.,;1s the second wavelength location
parameter. This fitting may again comprise any suitable
method for functional fitting, for example, a non-linear
regression technique, such as a non-linear ordinary or total
least squares method, a least absolute deviation method, or
any numerical optimization technique for minimizing a dis-
tance metric.

Alternatively or in addition thereto, the determining 180 a
wavelength offset of an envelope signal may comprise fitting
a third function having a third wavelength location parameter
to said spectral data, in which this third function is a convo-
Iution of a square of a Lorentzian function and a product of
Lorentzian functions. In such way, a single fitting operation
may be sufficient to determine this third wavelength location
parameter, although the fitting function will be more com-
plex, and as such may add to the computational complexity.
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Additionally, instead of products of Lorentzian in the first
step and/or the square of Lorentzian functions in the second
step, more involved parametrised models can be used to cap-
ture additional aspects of the physical behaviour of the
device, e.g. to include the band limiting effects of incoupling
and outcoupling grating, the effects of backscattering in the
ring, non-linear effects, . . . .

Based on the determined wavelength shift, a change in
effective refractive index may be determined or even the
presence of conditions causing the effective refractive index
may be derived. The latter can for example be based on a look
up table, a neural network, a predetermined algorithm, pre-
viously performed calibration measurements, etc. This may
allow directly deriving a qualitative characterisation or even a
quantitative characterisation of the presence of analytes, the
presence of stress, the change in temperature, the change in
pH, . . . based on the wavelength shift of the envelope.

In a second aspect, the present invention relates to a pro-
cessor for quantifying an effective refractive index change in
a photonic sensor. The processor also may be referred to as a
processor for quantitying an optical roundtrip length change
of a photonic sensor. In some embodiments, the present
invention particularly relate to a processor for quantifying a
refractive index change in a test medium or a refractive index
change at or in a photonic sensor due to the binding of bio-
logical, chemical, biomimic or biochemical targets to an
interface surface of the photonic sensor. The processor
thereby is programmed for determining a wavelength offset
of an envelope signal in spectral data. These spectral data
comprise measurements of an optical transfer characteristic
of'a photonic sensor as function of wavelength. The envelope
signal having a wavelength periodicity substantially larger
than a periodicity of the first periodic transfer spectrum and
the second periodic transtfer spectrum. The spectral data used
for processing are representative for an optical signal being
modulated with an optical transfer characteristics of a photo-
nic sensor, the modulation being obtained by combining
modulation of a first electromagnetic wave component in a
resonator, e.g. filtering element, with a first periodic transfer
spectrum having a first free spectral range and modulation of
a second electromagnetic wave component in a resonator, e.g.
filtering element, with a second periodic transfer spectrum
having a second free spectral range being different from the
first free spectral range, wherein a relative change is induced
in the second periodic transfer spectrum by bringing the test
medium in proximity with the resonator with the second
periodic transfer spectrum. The processor may be imple-
mented in hardware as well as in software. It may be pro-
grammed based on predetermined algorithms, make use of
look up tables, use a neural network, etc. The processor may
obtain the necessary input via an input port and may comprise
memory and processing power for performing the processing.
The output may be a wavelength offset in the envelope. Alter-
natively, the processor may be adapted for determining, based
on the wavelength offset in the envelope, additional informa-
tion regarding the medium, e.g. the change in refractive index
causing the wavelength offset. Furthermore, based on cali-
bration experiments, look up tables, etc. the processor may be
adapted for determining, based on the wavelength offset in
the envelope, a presence of analytes in a medium or a com-
position of the medium can be determined.

In athird aspect, the present invention relates to a computer
program product for, when executing on a processing unit,
e.g. such as a processing unit in a device according to the
second aspect of the present invention, quantifying an effec-
tive refractive index change in a photonic sensor. The com-
puter program product may be adapted for performing a
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method as described in the second aspect of the present inven-
tion. The computer program product may be adapted for
quantifying the refractive index of a test medium of a photo-
nic sensor, wherein the photonic sensor comprises resonators
for providing a first and second periodic transfer spectrum
modulation, such that the refractive index of the photonic
sensor or at a surface interface there of influences a relative
wavelength shift between the spectral responses of respec-
tively the first and second transfer spectrum modulation for
radiation in the sensor. The computer program product com-
prises programming code for determining a wavelength offset
of'an envelope signal in spectral data. The spectral data com-
prises measurements of an optical transfer characteristic of
this photonic sensor as function of wavelength, and the enve-
lope signal has a wavelength periodicity substantially larger
than the spectral response periodicity of the first and second
optical comb filtering operation. Particularly, this computer
program product is adapted for partially implementing a
method according to the first aspect of the present invention,
e.g. the step of quantifying the refractive index of a test
medium.

In a fourth aspect, the present invention relates to a system
for quantifying an effective refractive index of a photonic
sensor. The system comprises a photonic sensor and a pro-
cessor as described above. This photonic sensor comprises at
least one resonator adapted for applying a first periodic trans-
fer spectrum modulation and applying a second periodic
transfer spectrum modulation, in which the first and second
periodic transfer spectra have a different free spectral range,
also referred to as a different spectral response periodicity.
For example the at least one resonator may comprise two ring
resonators having different free spectral ranges. The system
furthermore comprises a radiation source for coupling a first
electromagnetic wave into this at least one integrated filter
element, and a detector for determining spectral data com-
prising measurements of an optical transfer characteristic of
the photonic sensor as function of wavelength when contact-
ing the photonic sensor to a test medium such that the refrac-
tive index of the test medium influences a relative wavelength
shift between the spectral response of the first transfer spec-
trum modulation and the spectral response of the second
transfer spectrum modulation.

The system furthermore comprises a processing unit for
quantifying the refractive index of the test medium taking into
account this spectral data. The processing unit may be accord-
ing to the processor as described above.

Theoretical principles of the present invention will further
be presented in the description below in order to clarify
aspects thereof. However, the invention is not intended to be
limited by such principles in any way, nor by the particular
mathematical formalism used.

In the prior-art regime of a digital, i.e. a discrete, sensor
discussed in the background section hereinabove, the free
spectral range difference between the two resonators in the
cascade is large compared to the full-width at half-maximum
of the resonance peaks of the individual resonators. In this
regime, the transmission spectrum peak will hop from one
filter ring resonance wavelength to the another for a changing
refractive index.

Embodiments of the present invention relate to another
regime, which occurs when the free spectral range difference
between the two resonators in the cascade is small compared
to the full-width at half-maximum of the resonance peaks of
the individual resonators. In FIG. 5, transmission spectra for
such a sensor ring resonator (full line) and a filter ring reso-
nator (dashed line) are illustrated. As shown in FIG. 6, in this
regime a periodic envelope signal is superposed on the con-
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stituent transmission peaks. If dispersion is not taken into
account, the envelope period is given by

ISF gemsor” fsrﬁlrer

7 sensor = I57 ter]”

where fsr,,,,,, and fsr ., are the free spectral range values of
the sensor ring resonator and the filter ring resonator respec-
tively. This can be seen by assuming that at a wavelength A,
two resonances of the respective resonators coincide.
Neglecting dispersion, the other resonance wavelengths of
the resonators are: A, ;=hotk st ., and Ag, . =ho+
kAstgy,.,, in which k is an integer index. Assuming that
fsrﬁlter<fsrsensor and fsrsensor_fsrﬁlter<<fsrﬁlters Staning from

Ao, an envelope period will be reached when two resonances
coincide again. This occurs for an index k=K, for which:

Asensork =

fsrﬁlter

Astrerk+1 S K- f5rgp00r = :
S5 omsor = fsrﬁlrer

(K + l)fsrﬁlm s K=

The two resonances will only exactly coincide when K is
an integer, but when the free spectral range difference
between the two resonators in the cascade is small compared
to the full-width at half-maximum of the resonance peaks of
the individual resonators this period will also be visible when
K is not an integer. The expression for the envelope period can
thus be obtained:

I5Fsensor” fsrﬁlter

Asensork —Ao = ————————.
57 sonsor = I57 jiter|

Note that the envelope period may not be larger than the
available wavelength range of the measurement equipment,
so that this regime may require that the cascade consists of
resonators with very large roundtrips

The free spectral range difference between the two free
spectral ranges advantageously is smaller than or equal to the
largest of the full width at half maximum values of the peri-
odic transfer spectra.

It can be proven that the resonance peaks in the drop
spectrum of a single ring resonator can each individually be
described in good approximation by a Lorentzian function:

fwhm®
Inax ———
4
Tgrop(d) = ,
o o = d?
7

witht,, . the transmission at resonance, fwhm the full-width
at half-maximum of the resonance peak and A, the reso-
nance wavelength.

As each peak in the transmission spectrum of the individual
ring resonators may be approximated by a Lorentzian func-
tion, each of these constituent peaks in the transmission spec-
trum of the cascade can be described as the product of two
Lorentzian functions that have a slightly different resonance
wavelength, e.g. are shifted compared to each other:
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Teonstituent (A) = fwhquh” e . fwhmfmmr : (A . A/\)z’
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where t,,, and fwhm are respectively the transmission at
resonance and the full-width at half-maximum of the corre-
sponding individual ring resonator, and where A, and AA are
respectively the mean of and the difference between the two
resonance wavelengths under consideration from both
combs.

If we assume that both ring resonators in the cascade have
the same full-width at half-maximum fwhm, this can be writ-
ten as:

Teonstituens (A) =

\/[maxvﬁlrer'[max,xemor %mz ) \/ Imax, filter * Imax,sensor %mz
2 2
fwzm +(A—AO—A—;)2 fwzm +(A—AO—A—;)2

The location of the extreme values of this function can be
found by solving the following equation to A:

4 Teonstituent (/1) _

0.
aA

This results in three extreme values at wavelengths:

oo N Ey—— s N/ E— .
2 2

This allows us to evaluate the location and values of the
maxima of the constituent peaks, and two different shapes of
the constituent peaks, depending on their position in the enve-
lope peak, may be identified.

If'the difference between the resonance wavelengths under
consideration is larger than the full-width at half-maximum
of the individual resonances, AA>fwhm, the three extreme
values are real-valued. The corresponding constituent peak
will in this case have two maxima, at

\AXZ = fwhm?

A
0 ) »

H

and a local minimum at A,. The transmission of each of the
maxima is

e, filter * bmax,sensor Jwhm
Tonax = AT ,

which quickly converges to zero for increasing values of Ai.
This situation corresponds to the tails of the envelope, where
the transmission is very low.

If however the difference between the resonance wave-
lengths under consideration is smaller or equal than the full-
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width at half-maximum of the individual resonators,
Al=fwhm, only one of the extreme values is real-valued. This
situation corresponds to the constituent peaks in the centre of
the envelope peak, where the transmission is high. In this case
the constituent peak has a maximum at its central wavelength
Ao and the transmission at this maximum is given by

2
nax, filter * bmax,sensor fwhm

fwhm? + AX?

Tax =

When the free spectral range difference between the two
resonators in the cascade is small compared to the full-width
at half-maximum of the resonance peaks of the individual
resonators, a periodic envelope signal is superposed on the
constituent transmission peaks in the transmission spectrum
of'the cascade. In every envelope period, there is an envelope
peak that is composed of the highest constituent peaks, for
which Ah=fwhm, where each constituent peak has a maxi-
mum given by the expression hereabove.

First the special case displayed in FIG. 12 and FIG. 13 will
be considered, where there exists a wavelength A, at which a
resonance peak of the filter ring resonator, shown in solid line
in FIG. 12, coincides with a resonance peak of the sensor ring
resonator, shown in dashed line in FIG. 12. At this wavelength
A, itholds that AA=0 and the corresponding constituent peak
in the transmission spectrum of the cascade will reach the
maximum height of the envelope signal. For the next reso-
nance peak of both resonators, the resonance wavelength
difference is equal to the difference in free spectral range,
Ak =lfsr,, o, ~T514,,,1. As proven hereinabove, the corre-
sponding constituent peak will have a maximum at the mean
resonance  wavelength, A=A +min(fsr, 1804700+
1/2 | fere}’lSO}"

This reasoning can be generalized to all constituent peaks
of'the same envelope peak:

ensor?

_fsrﬁlterl .

LAVSE A3 S S 1 Y P W
(ST gy 8T )2 ST =BT 110, )

where k is an integer. By combining these equations, we
get:

57 sonsor = I57 jiter|

AN =

[ = Aol.

. 1
MIN(fSF s S5F figger) + 3 1157 sensor = I5T fitger|

The second term in the denominator is typically much smaller
than the first, so we can neglect the second term:

557 sensor = I57 iger|

Ay x —m——m———
0 SSF s S57 firer)

[ = Aol

Substitution of this expression in the earlier introduced
expression for T,,,, yields:

FWHM 2 Y

Imax, filter * Imax,sensor (T)
(FWHM
2

T (k) =

7
) + (A =20
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in which

Jwhm il f57 o 57 gier)

FWHM =2-
|f5rﬁlrer = I3 geson]

This formula gives the peak transmission values of the
highest constituent peaks in the central region of the envelope
peak, for the special case where there exists a constituent peak
that is the product of two coinciding resonance peaks.

This may be generalized to the formula of a continuous
function going through the maxima of the constituent peaks,
also for the case where there is no perfect coincidence of
resonances, by defining A__,,,..; as the central wavelength of
the envelope peak and by substituting A, and A, respectively
bY A rra; @0d the continuous wavelength A

FWHM\2\?
Imax, filter * Imax,sensor (T)
Tonsetope (M) = | = —
( [ —
with
E—— Swhm - i fsr 0y fST fper) _

|f5rﬁlrer = I3 geson]

This equation for T,,,, ;,,.(A) shows that the envelope sig-
nal forms a peak described by the square of a Lorentzian
function with full-width at half-maximum FWHM.

A change of the refractive index in the evanescent field of
the sensor ring resonator will cause a shift of the resonance
peaks inits transmission spectrum, which will be translated in
a much larger shift of the central wavelength of the envelope
peak in the transmission spectrum of the cascade.

The special case shown in FIG. 14 and FIG. 15 also is
considered, where there exists a wavelength A, at which a
resonance peak of the filter ring resonator (solid line) coin-
cides with a resonance peak of the sensor ring resonator
(dashed line). At this wavelength A, the corresponding con-
stituent peak in the transmission spectrum of the cascade will
reach the maximum height of the envelope signal.

Two cases may be distinguished. The first case is illustrated
in FIG. 14, and occurs when the free spectral range of the filter
resonator is larger than the free spectral range of the sensor
resonator. When in this case the resonance wavelengths of the
sensor ring resonator shift to larger wavelengths over a spec-
tral distance Ifst,,,~15r,,,,,,!, the resonances of the filter and
sensor resonators will overlap at wavelength A, . The peak of
the envelope signal will thus have shifted over a distance
181 47, to larger wavelengths.

The second case is illustrated in the graph in FIG. 15, and
occurs when the free spectral range of the filter resonator is
smaller than the free spectral range of the sensor resonator.
When in this case the resonance wavelengths of the sensor
ring resonator shift to larger wavelengths over a spectral
distance |fst4,,,~fst,,,,,,/, the resonances of the filter and
sensor resonators will overlap at wavelength A_,. The peak of
the envelope signal will thus have shifted over a distance
18147, to smaller wavelengths.

From both cases, one can conclude that the sensitivity of
the sensor consisting of two cascaded ring resonators is equal
to the sensitivity of the sensor ring resonator multiplied by a
factor
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fsr filter
fsrﬁlter - fsrxemor.
This positive is fsrg, >fsr,,,,, and negative when
fsrﬁlter<fsrsensor'

When taking first order dispersion into account, the sensi-
tivity of the sensor ring resonator is

ORgff sensor

S —

FT -
with

Dres

i

the sensitivity defined as the change of the resonance wave-
length of the sensor ring resonator due to a change of the
environment refractive index,

ORfr sensor
Neny

the change of the effective index of the sensor ring resonator
waveguide due to a change of the refractive index in the
environment of the sensor and n ., the group index of the
sensor ring resonator waveguide.

The sensitivity of the sensor comprising of two cascaded

ring resonators thus is given by:

ORgff sensor

A
O contrat _ Ocentrat Odres S5 fitger OReny
- - k)
Oneny Ohves OReny ST ey = P upsor  Mgosensor
with
2 Acemral
Oneny

the sensitivity defined as the change of the central wavelength
of'the envelope peak due to a change of the refractive index of
the environment of the sensor. The sensitivity of the cascaded
ring resonator sensor is enhanced with a factor

fsrﬁlrer

fsrﬁlter = IS sensor

compared to the sensitivity of a single ring resonator sensor.
In practice the period of the envelope signal of the cascade
may not be chosen larger than the available wavelength range
of the measurement equipment. For a given envelope period
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the hereinabove obtained expression for the sensitivity is in
good approximation proportional to the optical roundtrip
length of the resonators in the cascade. Note that for an
increasing refractive index n_,, the resonance wavelength ofa
single ring resonator will always shift to larger wavelengths,
while the central wavelength of the envelope peak in the
transmission spectrum of the cascade will shift to smaller
wavelengths if fsrg;,,,<fsr,,,,,, and to larger wavelengths if
fsrﬁlter>fsrsensor'

In order to provide an example which illustrates principles
of the present invention, a sensor was made in silicon-on-
insulator with 2 um buried oxide and 220 nm silicon top layer
with CMOS-compatible 193 nm optical lithography and dry
etching. FIG. 7 and FIG. 8 illustrate this device. The device
comprises two cascaded ring resonators, further referred to as
the filter resonator and the sensor resonator, having a physical
roundtrip length of respectively 2528 nm and 2514 nm. By
folding the cavity of these resonators, their footprint was
reduced to only 200 umx70 um. The resonators consist of 450
nm wide single-mode waveguides and each one has two 6 pm
long directional couplers with a gap of 180 nm between the
waveguides. The complete chip was covered with 500 nm
silicon oxide by plasma deposition and a window was etched
to the second resonator in the cascade by consecutive dry and
wet etching, so that only the evanescent field of this sensor
ring resonator can interact with refractive index changes in
the environment of the sensor. Note that this example may be
suboptimal and only serves as a proof of principle.

To allow controlled delivery of liquids to the sensor, a
microfiuidic channel with 600 umx50 um cross section was
made in PDMS by casting and directly bonded to the sensor
chip at 135° C. after having applied a short oxygen plasma
treatment to both surfaces. The liquids were pumped through
the channel over the sensor ring resonator with a syringe
pump at a 5 pl./min flow rate. The chip was mounted on a
temperature-stabilized chuck to avoid drifting of the sensor
signal due to temperature variations. A second-order diffrac-
tive grating, integrated on the input and output waveguides, is
used to couple from a 10 um wide ridge waveguide to a
vertically oriented, butt-coupled single-mode fiber. The grat-
ing has 10 periods of 630 nm with 50 nm etch depth. A linear,
150 um long taper is employed as a transition between the
ridge waveguide and a 450 nm wide photonic wire
waveguide. A polarization controller was used to tune the
polarization of light from a tunable laser for maximum cou-
pling to the quasi-TE mode of the waveguides, and the optical
power transmitted by the sensor was measured with a photo-
detector.

In FIG. 9, the transmission spectrum of this sensor is plot-
ted, experimentally obtained while deionized water was flow-
ing over the sensor. In accordance with theoretical principles
discussed hereinabove, a periodic envelope signal is super-
posed on the sharp constituent peaks. The height of the enve-
lope peaks varies due to the wavelength-dependent coupling
efficiency of the grating couplers.

To obtain alow detection limit, next to having a sensor with
alarge sensitivity, it is equally important to be able to measure
a small shift of the transmission spectrum. This smallest
detectable shift is determined by the shape of the spectrum
and the noise, but also the method that is adopted to analyze
the spectrum has a large impact.
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A method according to the first aspect of the present inven-
tion may be used to accurately determine the central wave-
length of an envelope peak in the transmission spectrum of the
cascaded ring resonator sensor, e.g. by fitting the formulas
derived in the discussion of theoretical principles herein-
above to the measured spectrum. The fitting procedure is
illustrated in FIG. 10.

In a first step, a transmission spectrum, e.g. such as shown
in FIG. 9, is measured using the sensor. Then, the formula

Sohniy,, SR
Imax, filter 2 Inax,sensor -
Teonstituens A) = T hm% o N ) fwh mfmmr R (A N A/\)Z
— +(/1—/10—7) 2 0=

is fitted to the measurements. To improve the quality of the fit,
only the highest constituent peaks in the transmission spec-
trum may be used in this fitting procedure, for example, the
measurements may be first filtered by discarding data below
apredetermined threshold, thus avoiding data with low signal
to noise ratio. In FIG. 10, a good correspondence can be
observed between the fitted function and the experimental
data, which was measured with 1 pm wavelength step. By
taking the analytical maximum of the fitted function for each
of these constituent peaks, the envelope signal is determined
in a noise resistant way.
Then,

FWHM )2 2

T

FWHM

Tenvetope () = >
IR —

with

Jwhim-min(fsr g, S5 fier)

FWHM =2-
|f5rﬁlrer = ST gensor]

is fitted to the envelope signal formed by the maxima of each
constituent peak fit of the previous step. The position of the
analytical maximum of this function, A_,,,,,..;» 1S taken as the
central wavelength of the measured envelope peak.

A good measure for the smallest detectable wavelength
shift with this method is given by the standard deviation on
the fitted central wavelength of the envelope peak. Based on
the confidence interval of the fitting parameters returned by
our standard fitting software, the smallest detectable wave-
length shift was calculated to be 18 pm for the measured
spectra of our sensor. Note that this value is an order of
magnitude smaller than the distance between the peaks in the
spectrum.

To measure the sensitivity of the sensor to changes in the
bulk refractive index of its aqueous environment, it was mea-
sured how much the envelope peaks in the transmission spec-
trum shifted when changing between flowing deionised water
and three aqueous solutions of NaCl having different concen-
trations. The refractive index of each of these solutions was
calculated. In FIG. 11 the dots indicate the measured shifts as
a function of bulk refractive index. A linear function was fitted
to the measured shifts, and its slope revealed a sensitivity of
2169 nm/RIU. This value corresponds well with the theoreti-
cal sensitivity of 2085 nm/RIU calculated with
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The large sensitivity of this sensor, combined with a data-
analysis method according to the present invention, makes it
very well suited for integration with on-chip dispersive ele-
ments such as arrayed waveguide gratings or planar concave
gratings, giving opportunities for cheaper and more portable
sensor read-out.

For comparison, the resonance wavelength shift of a single
ring resonator comprised of a 450 nm wide waveguide is
calculated to be 76 nn/RIU, showing the large sensitivity
improvement with the presented method and a double ring
resonator sensor.

The resulting detection limit of the sensor is equal to the
ratio of the smallest detectable wavelength shift and the sen-
sitivity, that is 18 pm/(2169 nm/RIU)=8.3 10~° RIU. It should
be noted in this respect that the spectral measurements for this
example were obtained with a sensor which was not opti-
mized in design to achieve an optimal or near-optimal detec-
tion limit. Such optimizations may be carried out by a skilled
person using common background knowledge in the art. The
detection limit obtained for this exemplary sensor is however
comparable to that for a state-of-the-art single ring resonator
sensor.

The invention claimed is:
1. A method for quantifying an effective refractive index
change in a photonic sensor the method comprising the steps
of:
obtaining spectral data representative for an optical signal
being modulated with an optical transfer characteristics
of'the photonic sensor, the modulation being obtained by
combining modulation of a first electromagnetic wave
component in a optical filter element with a first periodic
transfer spectrum having a first free spectral range and
modulation of a second electromagnetic wave compo-
nent in an optical filter element with a second periodic
transfer spectrum having a second free spectral range
being different from the first free spectral range, wherein
arelative change is induced in the second periodic trans-
fer spectrum with respect to the first periodic transfer
spectrum as a result of changing environmental condi-
tions or conformational changes of the photonic sensor,
and
quantifying the effective refractive index change of the
photonic sensor taking into account said spectral data,

wherein said quantifying comprises determining a wave-
length offset of an envelope signal applied to the spectral
data, the envelope signal having a wavelength periodic-
ity substantially larger than a periodicity of the first
periodic transfer spectrum and the second periodic
transfer spectrum.

2. A method according to claim 1, wherein said first peri-
odic transfer spectrum and/or said second periodic transfer
spectrum is a comb filter.

3. A method according to claim 1, in which said determin-
ing a wavelength offset of an envelope signal comprises deter-
mining a plurality of wavelength locations corresponding to a
plurality of peaks and/or valleys in said spectral data.

4. A method according to claim 3, wherein determining a
plurality of wavelength locations corresponding to a plurality
of peaks and/or valleys comprises:

identifying a plurality of intermittent peaks and/or valleys

in said spectral data, and,
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for each pair of successive peaks and/or valleys, fitting a
first function having a first wavelength location param-
eter to the spectral data obtained for wavelengths in the
range defined by said pair of successive peaks and/or
valleys, in order to obtain a plurality of first wavelength
location parameter values and amplitude values.

5. A method according to claim 4, wherein said plurality of
peaks and/or valleys are selected such that the spectral data
value corresponding to the peak wavelength exceeds a prede-
termined threshold value.

6. A method according to claim 4, wherein said first func-
tion comprises a product of Lorentzian functions.

7. A method according to claim 3, wherein said determin-
ing a wavelength offset of an envelope signal further com-
prises fitting a second function having a second wavelength
location parameter to said plurality of first wavelength loca-
tions parameter values and amplitude values.

8. A method according to claim 7, wherein said second
function comprises a square of a Lorentzian function.

9. A method according to claim 7, wherein said fitting a
second function comprises a non-linear regression technique.

10. A method according to claim 1, wherein the difference
between the first free spectral range and the second free
spectral range is smaller than or equal to a largest full width at
half maximum of the peaks in the first and second periodic
transfer spectrum.

11. A method according to claim 1, wherein the second
electromagnetic wave component is the modulated first elec-
tromagnetic wave component.

12. A method according to claim 1, wherein obtaining the
spectral data comprises

coupling a first electromagnetic wave into at least one
optical filter implemented on a photonic sensor,

applying a modulation with a first periodic transfer spec-
trum to said first electromagnetic wave component using
said at least one optical filter element,

applying a modulation with a second periodic transfer
spectrum to said second electromagnetic wave compo-
nent using at least one optical filter element, the first and
second periodic transfer spectrum having a different free
spectral range,

contacting said photonic sensor to a test medium such that
the refractive index of the test medium influences a
relative wavelength shift in the first periodic transfer
spectrum with respect to the second periodic transfer
spectrum.

13. A method according to claim 12, wherein for said
obtaining spectral data, the method further comprises provid-
ing a photonic sensor, the photonic sensor comprising:

an input waveguide structure for receiving a first electro-
magnetic wave, at least one optical filter element
coupled to said input waveguide structure and config-
ured for causing optical interference so as to apply said
first modulating with said first periodic transfer spec-
trum and said second modulating with said second peri-
odic transfer spectrum, and an output waveguide struc-
ture for coupling a combination of said first
electromagnetic wave, modulated by the first periodic
transfer spectrum, and said second electromagnetic
wave, modulated by the second periodic transfer spec-
trum, out of the photonic sensor.

14. A method according to claim 13, wherein said photonic
sensor comprises a first optical filter element being optically
coupled in sequence to a second optical filter element, the first
and second optical filter element being arranged such that the
refractive index of said test medium influences a wavelength
shift of the transmission spectrum of at least one of the first
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and second optical filter element, and the first optical filter
element and second optical filter element have free spectral
ranges differing such that a Vernier configuration is achieved.
15. A method according to claim 1, wherein the first optical
filter element and/or the second optical filter element is any of
a resonator and/or an interferometer.
16. A method according to claim 1, wherein the combining
comprises a multiplication.
17. A method according to claim 1, wherein said obtaining
spectral data comprises obtaining data for a plurality of mea-
surements of intensity, transmittance and/or absorbance.
18. A non-transitory computer program product for, when
executing on a processing unit, quantifying an effective
refractive index change in a photonic sensor by:
obtaining spectral data representative for an optical signal
being modulated with an optical transfer characteristics
of'the photonic sensor, the modulation being obtained by
combining modulation of a first electromagnetic wave
component in an optical filter element with a first peri-
odic transfer spectrum having a first free spectral range
and modulation of a second electromagnetic wave com-
ponent in an optical filter element with a second periodic
transfer spectrum having a second free spectral range
being different from the first free spectral range, wherein
arelative change is induced in the second periodic trans-
fer spectrum with respect to the first periodic transfer
spectrum as a result of changing environmental condi-
tions or conformational changes of the photonic sensor,
and
quantifying the effective refractive index change of the
photonic sensor taking into account said spectral data,

wherein said quantifying comprises determining a wave-
length offset of an envelope signal applied to the spectral
data, the envelope signal having a wavelength periodic-
ity substantially larger than a periodicity of the first
periodic transfer spectrum and the second periodic
transfer spectrum.

19. A processor for quantifying an effective refractive
index change in a photonic sensor, the processor being pro-
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grammed for determining a wavelength offset of an envelope
signal in spectral data, the envelope signal having a wave-
length periodicity substantially larger than a periodicity of the
first periodic transfer spectrum and the second periodic trans-
fer spectrum,
wherein said spectral data are representative for an optical
signal being modulated with an optical transfer charac-
teristics of a photonic sensor, the modulation being
obtained by combining modulation of a first electromag-
netic wave component in an optical filter element with a
first periodic transfer spectrum having a first free spec-
tral range and modulation of a second electromagnetic
wave component in an optical filter element with a sec-
ond periodic transfer spectrum having a second free
spectral range being different from the first free spectral
range, wherein a relative change is induced in the second
periodic transfer spectrum with respect to the first peri-
odic transfer spectrum as a result of changing environ-
mental conditions or conformational changes of the pho-
tonic sensor.
20. A system comprising:
a processor according to claim 19, the processor being
embedded in a system, and
a sensor comprising an input waveguide structure for
receiving a first electromagnetic wave, at least one opti-
cal filter element coupled to said input waveguide struc-
ture and configured for causing optical interference so as
to apply said first modulating with said first periodic
transfer spectrum and said second modulating with said
second periodic transfer spectrum, and an output
waveguide structure for coupling a combination of said
first electromagnetic wave, modulated by the first peri-
odic transfer spectrum, and said second electromagnetic
wave, modulated by the second periodic transfer spec-
trum, out of the photonic sensor, a light source for cou-
pling a first electromagnetic wave into said at least one
optical filter element and a detector for determining the
spectral data.



